The positive association between body iron stores and risk of coronary heart disease (CHD) initially observed among a Finnish male population has not been corroborated by studies conducted in other populations. The soluble transferrin receptor (sTfR):ferritin ratio has been suggested to be a better index than ferritin to measure body iron stores. Because sTfR is sensitive to iron deficiency, this ratio can distinguish individuals with similar ferritin levels with respect to their iron status. To evaluate this novel index in relation to CHD risk, we prospectively identified and confirmed 242 incident CHD cases and randomly selected 483 controls matched for age, smoking, and fasting status among women that provided blood samples in the Nurses' Health Study during 9 y of follow-up. In both crude and multivariate analyses, neither the sTfR:ferritin ratio nor ferritin was significantly associated with an elevated risk of CHD. After multivariate adjustment for established and potential CHD risk factors, compared with women in the lowest quartile of the sTfR:ferritin ratio, women in the 2nd to 4th quartiles had relative risks (RR) (95% CI) of 1.39 (0.82, 2.36), 1.12 (0.66, 1.91), and 1.13 (0.65, 1.97; P-trend ¼ 0.61), respectively. The multivariate RR (95% CI) for ferritin were 1.05 (0.62, 1.77), 1.19 (0.69, 2.03), and 1.05 (0.60, 1.85; P-trend ¼ 0.90) across quartiles. Our data do not support the hypothesis that excessive body iron stores are associated with risk of CHD.
Introduction
Although animal studies have shown that iron overload exacerbates the myocardial damage caused by reperfusion and anoxia while administration of iron chelators could prevent or alleviate such damage (1) , results from human studies examining associations between body iron stores and risk of coronary heart disease (CHD) 9 were inconclusive (2) . Evidence supporting a positive association of excessive body iron stores with CHD was primarily from studies conducted in a Finnish population (3, 4) , whereas studies conducted in other populations failed to corroborate such an observation (5) (6) (7) (8) (9) (10) (11) (12) . Although dietary or genetic factors may explain this discrepancy (13, 14) , studies are needed to shed light on this iron-heart hypothesis.
In most of these studies, plasma ferritin, transferrin saturation, total iron-binding capacity, or serum iron were used as objective markers for body iron stores. Of these biomarkers or indices, ferritin is considered the best single indicator of total body iron (15) . However, body iron status is not the only determinant of plasma ferritin concentrations; acute or chronic inflammation may stimulate the production of plasma ferritin (16) . Circulating soluble transferrin receptor (sTfR) is a truncated form of the tissue transferrin receptor. In contrast to ferritin, which is sensitive to excessive body iron stores and inflammation, sTfR is sensitive to iron deficiency and is believed to be free of influence by acute or chronic inflammation. Because of this complementary relationship between these 2 indices with respect to measurements of body iron stores, the sTfR:ferritin ratio was suggested to be a better marker than ferritin to measure a wide range of iron status, because this ratio has been demonstrated to distinguish between subjects with similarly high ferritin levels (17) . Thus far, few prospective studies have investigated the associations of the sTfR:ferritin ratio with CHD (4) and no studies have evaluated this index among women. Therefore, we conducted a prospective nested case-control study to examine the associations of the plasma sTfR:ferritin ratio and ferritin concentrations with risk of CHD in women.
Methods
Study population. Over 121,700 female registered nurses aged 30-55 y were enrolled in the Nurses' Health Study in 1976 and completed baseline questionnaires about their lifestyle and medical history. Blood samples were collected from 32,826 nurses in 1989 and 1990. Ninetyseven percent of the blood samples were received within 26 h of the blood draw. Immediately upon arrival, the samples were centrifuged at 1200 3 g; 15 min at room temperature and divided into aliquots of plasma, erythrocytes, and buffy-coat fractions, which were then placed in liquid nitrogen freezers at 2130°C or colder until analysis.
During 9 y of follow-up, of the participants who provided blood samples and were free of cardiovascular diseases and cancer at phlebotomy, 248 incident cases of CHD were identified and confirmed. By using risk-set sampling, we randomly selected 2 controls for each case and matched controls with cases for age (61 y), smoking status (never, past, and current), and fasting status (fasting for 8 h or not). After excluding the participants with missing sTfR:ferritin ratio data, 242 CHD cases and 483 controls were available for the current analysis.
All participants gave written informed consent. The study protocol was approved by the institutional review board of the Brigham and Women's Hospital and the Human Subjects Committee Review Board of Harvard School of Public Health.
Ascertainment of CHD.
Participants who reported coronary events were requested to provide medical records for endpoint confirmation. Study physicians who were not aware of the exposure status of nurses reviewed available medical records. Nonfatal myocardial infarction was confirmed if the WHO criteria were met, which require typical symptoms plus either diagnostic electrocardiographic findings or elevated cardiac enzyme levels. For those whose medical records were unavailable, the diagnosis was considered probable if supported by telephone interviews or other supplemental information. We identified deaths among the Nurses' Health Study participants through reports from next of kin or postal authorities, or by searching the National Death Index. CHD deaths were identified if CHD was listed as the cause of death in hospital records, autopsy reports, or death certificates. CHD deaths were then confirmed by a previous report of CHD and if there was no other more apparent or plausible cause of death. All CHD cases in the current analysis were confirmed (91% confirmed by medical record).
Laboratory procedures. Each case-control triplet was shipped in the same batch and analyzed in the same run. Within each triplet, samples were assayed by the same technicians in a random sequence under identical conditions.
For case-control triplets selected in 1990-1996 (n ¼ 161), sTfR was measured by an ELISA (R & D Systems). For case-control triplets selected after 1996 (n ¼ 81), sTfR was measured by a particle-enhanced immunoturbidimetric assay using the Hitachi 917 analyzer and Roche Diagnostics reagents. We found potential between-assay variation for sTfR measurements. Among controls, the mean 6 SD was 1.55 6 0.48 mg/L for the ELISA, whereas the mean 6 SD was 2.98 6 0.86 mg/L for the immunoturbidimetric assay. We therefore created run-and assay-specific quartiles of sTfR and used appropriate statistical methods to better control potential between-run laboratory variation (see the ''Statistical methods'' section). Ferritin concentrations were measured with the use of a sandwich immunoassay method (Heterogenous Sandwich Magnetic Separation Assay; Bayer) on the Technicon Immuno 1 system (Bayer).
Laboratory control samples were analyzed along with the casecontrol samples. Within-run CV percent (CV%) was assessed by analyzing quality-control samples placed in the same plates repeatedly. The mean CV% was 11.1% for sTfR and 6.9% for ferritin.
Assessment of diet and other covariates. Medical history, food consumption, and lifestyle risk factors were assessed using follow-up questionnaires (including a validated semiquantitative FFQ) in 1990 when most blood samples were collected. Estimated dietary intake of iron (including iron intake from supplements) was calculated based on responses to the FFQ and the estimated nutrient contents from the Harvard Food Composition Database.
Plasma concentrations of E-selectin, interleukin-6 (IL-6), intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) were measured using commercial ELISA (R&D Systems). C-reactive protein (CRP) levels were measured with a high-sensitivity, latex-enhanced immunonephelometric assay (Dade Behring).
Statistical methods. To minimize the aforementioned between-assay laboratory variation or measurement errors, we created assay-and runspecific quartiles of body iron store markers according to the distribution among controls. We used conditional logistic regressions to estimate relative risks (RR) of CHD associated with these biomarkers. In nested case-control studies using risk-set sampling, odds ratios derived from conditional logistic regressions are unbiased estimates of RR that take into account the matching factors (18) . In addition, because conditional logistic regressions estimate the RR by stratifying on matching casecontrol triplets (18) and because case-control triplets were assayed in the same batch and by using the same method, the impact of potential between-run laboratory variations should be minimized. In multivariate models, we adjusted for physical activity (in tertiles), alcohol intake (0, 1-4, 5-14, or $15 g/d), parental history of myocardial infarction before age 65 y (yes, no), postmenopausal status (yes, no), postmenopausal hormone use (never, past, current), intake of red meat (g/d), BMI (,25, 25-29, $30 kg/m 2 ), history of hypertension (presence, absence), history of hypercholesterolemia (presence, absence), and history of diabetes (presence, absence). P-values for linear trend were calculated by entering a continuous score based on the median value in each quartile of iron markers into the models.
We assessed the correlation of body iron store markers with selfreported consumption of red meat (g/d) and iron (g/d) and plasma concentrations of inflammatory markers among controls. Spearman partial rank-r were calculated, adjusted for energy intake (MJ), age at phlebotomy (y), smoking status (never smoked, past smoker, and currently smoke 1-14 cigarettes/d, 15-24 cigarettes/d, or $25 cigarettes/d), BMI (kg/m 2 ), fasting status (yes, no), postmenopausal status (yes, no), postmenopausal hormone use (never, past, and current), and assay wave.
All P-values were 2-sided (P , 0.05). The 95% CI were calculated for RR. Data were analyzed with the SAS software package, version 9.1 (SAS Institute).
Results
As expected, women who subsequently developed CHD had a higher BMI, drank less alcohol, were more likely to have a history of diabetes, hypertension, hypercholesterolemia, or a parental history of CHD, and had higher concentrations of plasma inflammatory markers than controls at baseline ( Table 1) . The cases also tended to eat more red meat than controls (P ¼ 0.07), although their intakes of heme or nonheme iron were similar. CHD cases had significantly higher sTfR levels than did controls (P ¼ 0.02). Other body iron store markers did not differ significantly between the groups.
In crude and multivariate analyses, the plasma sTfR:ferritin ratio and ferritin were not significantly associated with the risk of CHD ( Table 2 ). The multivariate RR for women in the highest quartile of the sTfR:ferritin ratio or ferritin were 1.13 (95% CI: 0.65, 1.97; P-trend ¼ 0.61) and 1.05 (95% CI: 0.60, 1.85; P-trend ¼ 0.90), respectively. Although sTfR was associated with an increased risk of CHD in model 1 that adjusted for matching factors only, after multivariate adjustment, especially history of chronic diseases, the associations were dramatically attenuated and became nonsignificant. After further adjustment for inflammatory markers, these associations were either further attenuated to a small extent or unchanged (data not shown).
Restricting the analysis to postmenopausal or nondiabetic women did not materially change the results (data not shown). We did not detect significant effect modification by age, smoking, intake of aspirin and antioxidant vitamins, or other covariates. We stratified our analysis according to the methods of sTfR measurements and found similar results. For example, the RR (95% CI) across quartiles of sTfR levels measured by ELISA were 1.0, 1.67 (0.61, 4.57), 1.15 (0.40, 3.29), and 2.12 (0.69, 6.55), respectively. For sTfR levels measured by immunoturbidimetric assay, the corresponding RR (95% CI) were 1.0, 1.70 (0.79, 3.62), 1.82 (0.85, 3.89), and 1.66 (0.78, 3.52), respectively.
We examined the relationship of iron biomarkers with dietary factors as well as inflammatory markers (Table 3) . Ferritin was significantly correlated with intake of red meat (r ¼ 0.16), heme iron (r ¼ 0.12), and total iron intake (r ¼ 0.10). The sTfR:ferritin ratio was inversely correlated with red meat and heme iron intake, probably because of the positive correlations of ferritin with these intakes. The sTfR:ferritin ratio was not significantly correlated with the inflammatory markers, except VCAM-1. Ferritin was significantly correlated with only E-selectin. In contrast, sTfR was associated with most of the inflammatory markers, but the correlations were all weak.
Discussion
In this prospective case-control study, markers of body iron stores, including the sTfR:ferritin ratio, were not associated with risk of CHD among U.S. women after controlling for established and potential confounders.
Based on the observation that after menopause, women's incidence of CHD increases along with the accumulation of body iron stores, Sullivan (19) raised the iron-heart hypothesis, suggesting excessive body iron stores are a risk factor of CHD. Although this hypothesis was supported by evidence from some animal studies (20, 21) , most epidemiologic studies in humans have not detected significant associations between excessive body iron stores and risk of CHD (2,5-11), except studies conducted in a Finnish population (3, 4) . Several factors may underlie the inconsistency among these studies. In comparison to the U.S. population, Finnish populations have a higher intake of red meat (14) , which has been shown to be a risk factor for CHD and a determinant for body iron stores (22) . In addition, populations of northern European origin have relatively high prevalence of a HFE (hemochromatosis) gene polymorphism (Cys282Tyr), which was significantly associated with higher body iron stores and an elevated risk of CHD among the Finnish population (13) .
sTfR is a truncated form of tissue transferrin receptor, which has been shown to be a sensitive marker for iron deficiency (17, 23) . In contrast to serum ferritin, sTfR concentrations are thought to be unaffected by inflammation (17, 23) . In addition, studies have indicated that sTfR and ferritin are inversely regulated at the posttranscriptional level (23) . For people with similarly elevated levels (including marginally elevated levels) of ferritin, this ratio further distinguished these subjects with respect to their body iron status (17) . Therefore, the sTfR:ferritin ratio has been suggested by some researchers to reflect a wider range of body iron status than ferritin or sTfR alone (17, 23, 24) . So far, few studies have examined the association between the sTfR:ferritin ratio and risk of CHD. In a small case-control study conducted in Finnish men, a lower sTfR:ferritin ratio was associated with an elevated risk of CHD (4), but this association was not present in another retrospective case-control study (25) . In our analysis, the sTfR:ferritin ratio was not an independent risk factor for CHD after multivariate adjustment.
Because the sTfR:ferritin ratio is a function of 2 factors, its association with risk of CHD could be driven by both or either of its 2 components. For example, in the aforementioned Finnish study (4), because ferritin was associated with the risk of CHD among the same population (3), inverse associations for the sTfR:ferritin ratio may have been driven by ferritin's effects per se. Few epidemiologic data exist regarding sTfR in relation to CHD and its risk factors. In the current analysis, unadjusted associations for sTfR were explained by established CHD risk factors. In addition, we observed unexpected correlations between sTfR and inflammatory markers. Several lines of evidence indicate that tissue transferrin receptor expression can be regulated by inflammatory cytokines and reactive oxygen species (26, 27) . Interestingly, in vitro and animal studies suggest that expression of tissue transferrin receptor may also be regulated by insulin (28, 29) , levels of which are closely related to inflammation in the setting of insulin resistance (30) . Although more data are needed to elucidate the associations between sTfR and inflammation, it is possible that, like ferritin, sTfR concentrations were determined by other factors in addition to iron status. The sTfR:ferritin ratio as a marker of body iron stores was examined primarily among anemia patients or young adults receiving repeated phlebotomy (17, 24) . Whether this ratio measures body iron stores under a broader setting is still unknown, especially in the presence of inflammation or insulin resistance. The free radical-generating feature of iron ion is the biological basis supporting the iron-heart hypothesis. However, because it is the free iron that can amplify the oxidative stress and the main physiological function of iron-related proteins, such as ferritin and transferrin, is to sequester and transport free iron, markers measuring body iron stores within normal range may not be relevant in terms of oxidative stress. Indeed, the current evidence regarding body iron stores and oxidative stress is inconclusive (31) . More recently, researchers have suggested that nontransferrin-bound iron, a more chemically active form of iron in blood, is a more relevant marker for examining the ironheart hypothesis (31). However, results from a prospective study did not show positive associations with CHD, but rather suggested the opposite (32) . Further data are needed, however, especially because careful interpretation and standardization are needed for the nontransferrin-bound iron assay (33) . So far, only 1 randomized clinical trial examined the effect of phlebotomy on risk of mortality and cardiovascular disease among patients of symptomatic peripheral arterial disease. The data indicated that reduction of body iron stores did not affect total mortality, although post hoc analysis suggested that among younger patients, phlebotomy significantly reduced the risk of a composite outcome, including death, nonfatal myocardial infarction, or stroke (12) . Whether phlebotomy has any specific effect on reducing risk of CHD is unclear. Taken together, current epidemiologic and clinical trial evidence does not support the role of excessive iron stores in the etiology of CHD (34) .
A potential explanation for the lack of association between body iron stores and risk of CHD is that the biomarkers currently used in epidemiological studies may not be biologically relevant. Yuan et al. (35) suggested that tissue iron, as measured by liver iron or foam cell iron content, was a more relevant exposure for the iron-heart hypothesis, because these biomarkers have been shown to be associated with advanced atherosclerosis and unstable atheroma plaques. Alternatively, subunits of ferritin may be a better marker than ferritin for assessing body iron status. Studies have demonstrated that H-ferritin subunit expression was selectively induced by tumor necrosis factor-a (36) and L-ferritin subunit was more sensitive to iron overload (37) . Therefore, L-ferritin concentrations could be a more specific marker for iron overload and the H:L ratio can be used to distinguish between inflammation-and excessive iron-induced elevation of ferritin. More data are needed to examine these hypotheses.
The current study employed prospective design in which levels of biomarkers were unlikely influenced by the occurrence Iron and heart disease 2439
by guest on November 7, 2017 jn.nutrition.org of disease. By using risk-set sampling, we also minimized the possibility of control selection bias. However, several limitations of this study are also worth discussion. sTfR concentrations were measured by 2 different methods in the current study. Between-assay variation of sTfR levels may bias our findings. However, we created run-specific quartiles of sTfR levels and used conditional logistic regressions to minimize the influence of such measurement errors. When estimating correlations of sTfR levels with other risk factors, we compared results within each batch and found similar results. In addition, single baseline measurements of body iron store markers will not perfectly reflect long-term values. Random variations of the measurements of the biomarkers may attenuate the true associations. Because of the observational nature of the current study, we cannot fully exclude the possibility that these null results may be explained by residual confounding caused by certain healthy lifestyle or dietary factors. Lastly, this study was conducted in women only and thus the results may not be generalized to men. In summary, our data do not provide evidence to support the hypothesis that excessive body iron stores are associated with risk of CHD. ), history of hypertension (presence, absence), history of hypercholesterolemia (presence, absence), and history of diabetes (presence, absence), and assay wave. For correlations of dietary iron or red meat intake, total energy intake (MJ) was further adjusted. *P , 0.05; **P , 0.01. 
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